and anharmonic vibrational frequencies, as well as infrared and Raman help in the design of future missions and analysis of observed data from the ice surface of Jupiter's moon Europa that possibly contains hydrated MgSO4 salts.
The number of potential energy points that needs to be computed Nmode * (Nmoae -1), N£2ridwhere in the above algorithm is equal to Npo_,,_= Nmode * Ng_id _ 2
Nmode is the number of normal modes of the system; Ngrid is the number of grid points in one dimension. The same MP2/TZP ab initio level used to obtain equilibrium structures and harmonic normal modes is also used to compute potential energies on grids. Full details of the CC-VSCF method combined with an ab initio electronic structure code is given in Ref.
[15, 17] . All calculations in this study are performed using the electronic structure package GAMESS 18.
Previous studies showed that the MP2/TZP level of theory gives satisfactory results for geometrical structures and spectroscopic properties of different hydrogen-bonded Table 1 .
Two isomers are also found for the complex of MgSO4 with two water molecules ( Fig.3) . The lowest energy isomer has one water molecule that is connected to the Mg atom only, and the other water molecule that in addition forms a hydrogen bond with an oxygen atom from MgSO4, similar to the hydrogen bond in the complex with one water molecule ( Fig. 2a) . This isomer has a dipole moment of 13.32 Debye. Its total binding energy is 79 kcal/mol or 39.5 kcal/mol per water molecule. The second isomer has a "bridge" of two water molecules connecting the Mg atom with one of the oxygens of the SO4 group. This isomer is about 12 kcal/mol higher in energy than the first (lowest energy) one. The two hydrogen bonds of the "bridge" in the second isomer are also very strong, but the participating O-H bond lengths are not as elongated as in the 3a and 2a structures.
The two isomers of the complex of MgSO4 with three water molecules are shown in Fig. 4 . Again, the lowest energy isomer has only one hydrogen-bonded water' and two "free"
water molecules bound only to Mg atom. The total binding energy of this complex is 109 kcal/mol or 36.2 kcal/mol per water molecule, and its dipole moment is 13.27 Debye. The hydrogen bond in this complex is similar to hydrogen bonds in the lowest energy complexes of MgSO4 with one and two water molecules, but is slightly weaker. This hydrogen bond is the strongest in the 1:1 complex and becomes somewhat weaker as the number of water molecules increases.
The second isomer has a two-water "bridge" and a hydrogen-bonded water molecule. It is 4.6 kcal/mol higher in energy than the other (most stable) isomer and has a smaller dipole moment of 11.30 Debye. The hydrogen bonds of this isomer are not as strong as in other isomers, including the hydrogen bonds of the "bridge", which are weaker than those in the similar bridge of the complex with two water molecules (structure 3b). It can be also seen from Table 2 that one of the S=O stretching vibrations of MgSO4 is also red-shifted, but to a lesser extent, by about 200 cm -1 upon complexation with one water molecule, and its infrared intensity is significantly enhanced.
In the second isomer of MgSO4.H20 (Fig. 2b) Structure (a) corresponds to the lowest energy isomer.
